In ungulates, a set of deciduous teeth is replaced by a set of permanent teeth during their first 2 years of life. Little is known about factors causing variation in timing of tooth eruption, but overall size, condition or mineral deficiencies may play a role. The pattern of incisor (I) and canine (C) eruption was investigated in 2241 yearlings from five populations of red deer Cervus elaphus in Norway during . Before the sampling period (10 September-15 November), I 1 had erupted in most yearlings (97%), while eruption of I 3 and C had barely started (erupted in 7% and 5% of individuals, respectively). Exactly 50% of the yearlings had erupted I 2 . Jawbone length was shown to be a main determining factor for eruption of I 2 . However, for a given jawbone length, there was large variation among populations in the proportion of yearlings with erupted I 2 (from < 20% to > 75%). Females got their permanent I 2 earlier than males. Tooth eruption was found to be later with increasing local deer density, even after correcting for body weight. There was a residual effect of body weight (a measure of condition) after body size (measured as jawbone length) was controlled for in one of five populations, indicating that overall condition may influence timing of tooth eruption in this area. There was no evidence that calcium was limiting for eruption, as no correlation was found between timing of eruption and limestone in bedrock. Since there is large variation in timing of tooth eruption among red deer populations even after controlling for differences in phenotype and environmental factors, genotypic variation may also play an important role for tooth eruption patterns.
INTRODUCTION
Mammals use their teeth to acquire and chew food as a preparation for digestion. Hence, teeth are important for life-long performance (Hickman, Roberts & Larson, 1997) . Most mammals have evolved a system where a set of deciduous teeth is replaced by a set of permanent teeth that last the rest of the lifespan. Permanent teeth are larger than deciduous teeth, and eruption of permanent teeth cannot occur until the jawbone has reached a minimum size (McCance & Brown, 1961; Smith, 1989) . Across species, early tooth change is related to rapid body growth (Smith, 2000) . Within a species, however, the sequence of tooth eruption is fixed and has for a long time been used in the age determination of young age classes (e.g. Severinghaus, 1949) . Nevertheless, the timing and duration of eruption do vary among individuals of similar age (Robinette et al., 1957; Tisdall, Wilson & Kirk, 1985) . The biochemical processes involved in the control of tooth eruption are well known. During eruption, cells, proteins and enzymes change in the dental follicle and several growth factors and proteins accelerate or retard eruption rate (for a review see Marks, Gorski & Wise, 1995) . However, the relationship between rate of tooth eruption and variation in life-history traits and environmental factors in mammals is not well understood. In addition to size, it is expected that eruption is delayed: (1) by generally low body condition, or (2) in areas with mineral deficiencies.
(1) Low body condition (i.e. a residual effect of weight after controlling for height; Green, 2001 ) delayed eruption of permanent teeth in humans (Kaur & Singh, 1992) . However, the effect of body condition was not large and it is assumed that most of the variation in human dentition is explained by genetic variance among populations (Garn & Rohmann, 1962; Garn, Lewis & Kerewski, 1965; Friedlander & Bailit, 1969; Kaur & Singh, 1992) . In ungulates, only two studies have investigated the relationship between tooth development and somatic growth, but neither of them have separated the effects of body size and body weight. Robinette et al. (1957) found that the number of erupted incisors increased with body weight in mule deer Odocoileus hemionus, and Lutz (1993) provide graphical evidence that individual fallow deer Dama dama with short mandible and low body weight erupt their first molar later than larger conspecifics. No studies of ungulates have investigated variation among different populations.
(2) Calcium, in addition to phosphorus, is a limiting element in the formation of bone (Bazely, 1989) and teeth (Fortelius, 1985) . Calcium deficiency in forage was found to cause dental disease in pet rabbits Oryctolagus cuniculus (Harcourt Brown, 1996) . Tooth eruption was delayed in six weaning sheep Ovis aries fed on cereal roughages poor in calcium, compared to five sheep where ground limestone was added to the diet (Franklin, 1950) . No study has explored whether calcium is limiting for tooth development in natural populations of mammals.
This paper gives a report on how variation in the tooth eruption of 2241 yearling red deer Cervus elaphus was related to phenotypic (jawbone size, body weight and body condition) and environmental variables (bedrock calcium, local density and distance from the coast). Our study is based on data from five different populations along the west coast of Norway, sampled between 10 September and 15 November 1964-2001. The prediction that eruption is earlier in larger and fatter deer was tested. The density of local deer and their distance from the coast are known to correlate, respectively, negatively and positively with red deer body weight (Mysterud, Langvatn et al., 2001; Mysterud, Yoccoz et al., 2001) . Later eruption of permanent teeth with increasing deer density, and earlier eruption with increasing distance from the coast was therefore expected, but no residual effect after body weight was also entered in the model if the effect of density and distance from the coast operated only through body weight. Lastly, earlier eruption in areas with calcium rich bedrock was predicted.
MATERIAL AND METHODS

Study area
The study area (covering 65 municipalities) encompasses large parts of the Norwegian south-west coast (Fig. 1) , which is the main area for red deer in Norway (Langvatn et al., 1996; Mysterud, Yoccoz et al., 2001) . In earlier studies (e.g. Mysterud, Langvatn et al., 2002) , red deer from this area were divided into 5 populations: Rogaland and Hordaland, population P1; Sogn og Fjordane, population P2; Møre og Romsdal and Sør-Trøndelag, population P3; Nord-Trøndelag, population P4; Hitra island, population P5 (Fig. 1) . There has been a large increase in the population density of red deer during the study period, and density-dependent effects on body weight have been reported (e.g. Mysterud, Yoccoz et al., 2001) . In general, temperature and precipitation decline from south to north and from coast to inland, while snow depth increases (Langvatn et al., 1996; Mysterud, Yoccoz et al., 2000) . In summer, both the length of the growing season and total degree days decline from south-west to north-east (Langvatn & Albon, 1986) .
Red deer data
A total of 2241 mandibles from yearling red deer was sampled during the annual autumn harvest (between 10 September and 15 November), together with data on body weights and records of date of culling and locality (municipality; Langvatn et al., 1996; Mysterud, Langvatn et al., 2002) . Mandibles of yearlings can easily be separated from older animals owing to distinct tooth eruption patterns and mandible length (Mitchell & Youngson, 1969) . Body weight is dressed weight (i.e. live weight minus head, skin, viscera, bleedable blood and metapodials, c. 58% of live weight; Langvatn, 1977) . Jaw length was measured according to Langvatn (1977) . The incisor teeth and canines (I 1 -C) were considered, because development of these teeth show a large variation within our sampling period. September and October represents the time of the largest individual variation in the eruption status of permanent incisors in mule deer (Robinette et al., 1957) . For each tooth, the score 1 was assigned if the permanent tooth was visible above either of the mandible halves, and score 0 was assigned if permanent tooth was not visible or if the jaw still had deciduous teeth.
Geological data
Data on bedrock geology were obtained from the Geological Survey of Norway (NGU; the vector map used can be found on www.ngu.no). The proportion of each bedrock type for each municipality was calculated by using overlay analyses in ArcView GIS version 3.2 (Environmental Systems Research Institute Inc., CA, U.S.A.). Bedrock types were grouped into 3 groups according to calcium level (high, low, and unknown) and their proportion summarized. Mineral solubility (i.e. the amount of free calcium available) is more important than the absolute amount of CaO in each bedrock type. Bedrock types in the 'high calcium' group are highly soluble and consisted of up to 56% CaO, while bedrock types in the 'low calcium' group consist of up to 20% CaO and are less soluble (Ø. Nordgulen, pers. comm.; Taylor & McLennan, 1985) . In no municipality was the proportion of bedrock with unknown calcium content higher than 0.02. The proportion of 'high calcium' bedrock in each municipality (a number ranging from 0 to 0.92) was used as the predictor in our analysis.
Statistical analyses
Generalized linear models (GLM; see Venables & Ripley, 1999) were used with a binomial response (i.e. logistic regression) in the analyses of the timing of tooth eruption. Weight and jawbone length were ln-transformed to stabilize the variance. Other covariates included were date of culling, calcium level in bedrock (see above), an index for local population density (Mysterud, Yoccoz et al., 2001) , and distance from the coast, which is known to be a main determinant of body weight and ovulation rates (Langvatn & Albon, 1986; Langvatn et al., 1996; Mysterud, Langvatn et al., 2001) . Condition was assessed as the residual of body weight after body size (jawbone length) was entered in the model (Green, 2001) . The effect of interactions of 2 continuous variables was analysed by using the product of the 2 standardized variables as a separate term (Portier et al., 1998) . AIC was used when performing model selection (Burnham & Anderson, 1998 ). As we were testing specific hypotheses, a model with main (predicted) effects was run first. Then AIC was used to evaluate whether more complicated models (i.e. by adding interactions) improved the fit or not, since there were no a priori biological predictions for interactions. We ran the basic model both with and without including body weight, as the effect of body weight may affect estimates of other factors (such as density). Goodness-of-fit (GOF) of the logistic regression models could not be properly assessed on the basis of the residual deviance or Pearson residuals because observations were unique (i.e. 0/1) (see e.g. McCullagh & Nelder, 1989) . Residual deviances were, however, less than their associated number of degrees of freedom (residual deviance = 2098.219, d.f. = 2226 and residual deviance = 2079.628, d.f. = 2221, respectively, for models without and with body weight included), so we had no indication of overdispersion. All statistical analyses were performed in the statistical package S-Plus (Insightful, Seattle, WA, U.S.A.).
RESULTS
In our material, the permanent first incisor had erupted in most yearling red deer (96.9% for all populations combined), while the third incisor and canines had rarely erupted (6.6% and 5.0%, respectively; Table 1 ). Eruption of the second incisor (I 2 ) was the most variable, being erupted in 49.8% of the yearlings (Table 1) . We therefore used I 2 in subsequent analysis of factors affecting tooth eruption, as logistic regression analyses performs best when failure and success rates are approximately even (Hosmer & Lemeshow, 1989) .
The second incisor (I 2 ) was erupted more often in yearlings with a long jawbone ( Fig. 2; Table 2 ). For a given jawbone length, however, the likelihood that I 2 had erupted showed a wide variation among the five red deer populations (Table 2 ; Fig. 2 ). The population effect did not correspond to the variation in latitude; timing of eruption in P1 (the southernmost population) is later than in P2, while individuals in P4, P3 and P5 had a similar eruption pattern although variation in latitude is large (Figs 1  & 2) . Incisor eruption occurred earlier in females than in males (females: 52.5%; males: 49.0%; standardized for mean date). After accounting for size differences, the effect of sex was even stronger; 63.2% of females and 46.8% of males had erupted second incisors (for the mean date and mean jaw length). Adding interactions between 'population and sex' (AIC = 2129,2), 'population and jawbone length' (AIC = 2127,2) or 'population and density' (AIC = 2125,4) resulted in significantly less parsimonious models as compared to the model including only the main effects (AIC = 2121,8).
The amount of calcium in the bedrock or distance from the coast did not affect timing of incisor eruption (Table 2) . Local (municipal) deer density delayed eruption of I 2 (Table 2a ). The effect of density decreased, but remained significant after body weight was added to the model (Table 2b ). There was also a residual effect of body weight after jawbone length was controlled for (Table 2b ), suggesting that individuals in good condition develop permanent teeth earlier than individuals in poor condition. Adding the interaction between 'population and body weight' (AIC = 2111,6) resulted in a better model than the one including only main effects (AIC = 2118,7). The condition effect was significant only in population P1, and not in the remaining populations (P2, P3, P4 and P5) when running separate models.
DISCUSSION
Ungulates sequentially replace a set of deciduous front teeth with a set of permanent front teeth during their first 2 years; starting with the first incisors (I 1 ) and ending with the canines (C) (Robinette et al., 1957) . A large variation was found in the eruption status for all types of front teeth. Some yearlings had completed eruption of their permanent front teeth by 10 September, while others had not initiated eruption of any front teeth by 15 November. The most variable eruption was found for I 2 with 50% erupted, and variation in eruption of I 2 was our target for analysis.
Size effects
Jawbone length correlated well with the timing of incisor eruption within all five populations of red deer. This pattern was expected because tooth development must be timed to growth of the skull, maturation of muscles of mastication, and somatic growth in general (Smith, 1989) . It is essential for the jaw to be the right size before teeth erupt in order to form an exact fit between the occlusal surfaces (Pond, 1977) . Overcrowding and torsion of permanent incisors was reported in undernourished sheep with small mandibles (Franklin, 1950) . Age may be an additional factor affecting body size or timing of tooth eruption directly, and that can possibly affect the pattern of tooth eruption. The observed variation in timing of front teeth eruption between populations, however, seems too large to be explained solely by different calving dates, as births are fairly synchronous in red deer (e.g. Guinness, Gibson & Clutton-Brock, 1978) . In a captive population in Norway, 80% of calves were born between 31 May and 23 June (23 days; n = 56). Further, a latitudinal gradient would have been expected if calving dates were a confounding factor leading to the observed variation in tooth eruption between populations, but such a pattern was not evident. For example, population P2 erupted before P1 and P3 which are respectively south and north of P2.
Density dependence and body condition
Eruption of I 2 in yearlings was delayed at high population density. This was expected, since increasing population density adversely affects early growth and body weight in ungulates (review in Lindström, 1999; Gaillard et al., 2000) , and which is also true for red deer on the west coast of Norway (Mysterud, Yoccoz et al., 2001) . Indeed, the density-dependent delay of eruption decreased in strength when body weight was added to the model, but a residual density effect suggests that factors other than weight also affect this relationship. A positive effect of body condition (residual of weight after body size is controlled for) indicates that the process of eruption of permanent teeth contains an element of resource investment, which was observed in humans (Kaur & Singh, 1992) . A positive relationship between body weight and early eruption of permanent teeth was observed in both mule deer (Robinette et al., 1957) and fallow deer (Lutz, 1993) , but they did not control for body size. For yearling red deer, body condition was found to affect eruption in only one of the five populations; hence no consistent link between body condition and eruption was found.
Earlier tooth eruption in females than males
Females were found to erupt their second incisors earlier than males. The sexual variation in eruption persisted and increased when controlling for differences in jaw length. Red deer are sexually dimorphic even as yearlings (Clutton-Brock, Guinness & Albon, 1982) . Permanent teeth scales to body size, and female teeth are smaller than male teeth (Loe et al., 2003) . Teeth therefore seem to be able to erupt in a smaller jaw in females without resulting in malocclusion and torsion. Earlier studies on the timing of molar eruption in mule deer found no effect of sex (Robinette et al., 1957; Rees, Kainer & Davis, 1966) . In humans, however, females erupt permanent teeth earlier than males (Friedlaender & Bailit, 1969) , which is consistent with our results for red deer.
Calcium and tooth eruption
The deposition of salts in the early-forming teeth is affected considerably by various factors of metabolism (Guyton & Hall, 2000) . Calcium is a key element in the formation of hydroxyapatite, which is the major material of tooth enamel and dentin (Guyton & Hall, 2000) . Calcium deficiency tended to cause delay in tooth eruption in an experimental study of sheep in Australia (n = 11; Franklin, 1950) . Therefore a delayed eruption was expected in municipalities with a low content of calcium in bedrock, but we failed to find evidence for this. Calcium content therefore seems not to be limiting for tooth formation in our study area. Plant material may have the same mineral content even when mineral content in the soil is variable (Hrdlicka & Kula, 1998) . Forage selection may also differ in calcium rich and calcium deficient areas so that any difference in mineral content is compensated for (McNaughton, 1988; McNaughton, 1990) . In herbivores this may even take the extreme form of carnivory (Furness, 1988; Bazely, 1989; Pietz & Granfors, 2000) or geophagy (Klaus & Schmid, 1998) . The possibility that elements other than calcium may also play a role cannot be excluded. The level of phosphorus or the ratio of calcium/phosphorus may also be important for development of bone structure in mammalian herbivores (e.g. Ohlson & Staaland, 2001) , and there is evidence suggesting that geophagia, osteophagia and other forms of pica behaviour in ungulates also occur as a consequence of phosphorus deficiency in the diet (Blair-West et al., 1992; WallisDeVries, 1996) .
Phenotype vs. genotype
For the same jaw length, the probability of incisors erupting varied from < 20% to 75% among populations (Fig. 2) . Emergence times of permanent teeth have also been reported to differ among human populations (e.g. Friedlaender & Bailit, 1969) and many studies of human tooth eruption have concluded that genotypic variation is the main determinant in tooth emergence (Garn & Rohmann, 1962; Friedlander & Bailit, 1969; Kaur & Singh, 1992) . As there is large variation in the timing of tooth eruption among red deer populations even after controlling for differences in phenotype and environmental factors, genotype may also play an important role for tooth eruption in red deer.
